ABSTRACT. Rainbow trout (Oncorhynchus mykiss) head kidney phagocytes precultured with a synthetic cytidine-phosphate-guanosine (CpG) oligodeoxynucleotide (ODN) displayed significantly higher phagocytic activity agaist Vibrio ordalii than phagocytes precultured with non-CpG ODN. However, head kidney phagocytes precultured with CpG ODN did not show enhanced phagocytic activity against polystyrene particles. KEY WORDS: CpG ODN, innate immunity, rainbow trout, head kidney phagocytes.
Unmethylated cytidine-phosphate-guanosine (CpG) dinucleotides within bacterial DNA or synthetic oligodeoxy-nucleotides (ODNs) activates strong innate immune responses in mammals [7, 17] , since immune cells recognize the bacterial CpG motifs as foreign. Invading microorganisms induce host cell damage, which modulates the production of 'danger signals' to alert the immune system and enhances host immune responses [9] . In vivo experiments using fish have demonstrated the protective effect of CpG ODN against edwardsiellosis in Japanese flounder (Paralichthys olivaceus) [8] , against infectious pancreatic necrosis in Atlantic salmon (Salmo salar) [4] , and against amoebic gill disease (caused by Neoparamoeba pemaquidensis) in Atlantic salmon [1] . CpG ODN also induce a variety of immune responses in vitro, including macrophage activation in grass carp (Ctenopharyngodon idellus) [10] , common carp (Cyprinus carpio) [15] , Japanese flounder [8] and rainbow trout (Oncorhynchus mykiss) [4] . These experiments all showed enhancement of macrophage functions such as phagocytic and bactericidal activities, respiratory burst activity and cytokine production. However, it is not clear whether CpG ODN-activated fish phagocytes respond equally to invading microorganisms and to non-invading foreign materials such as plastic particles. In a series of in vitro experiments using rainbow trout, we found that stimulation of head kidney phagocytes with CpG ODN enhanced phagocytic activity against Vibrio ordalii, but that phagocytosis of polystyrene particles was not enhanced by the CpG ODN.
Nuclease-resistant phosphoro-thioate ODNs were purchased from Research Genetics (Warrington, PA, U.S.A.). The sequence of CpG ODN 1826 was 5'-TCCATGACGT-TCCTGACGTT-3' (the CpG motif is underlined), which is known to enhance immune functions of grass carp [10] , channel catfish (Ictalurus punctatus) [12] and mice [2] . Non-CpG ODN 1745 was synthesized by replacing a CpG dinucleotide in ODN 1826 with a GpC dinucleotide (5'-TCCATGAGCTTCCTGAGCCT-3') [2] . It was solubilized in sterile deionized water and stored at -80°C. Rainbow trout head kidney single cell suspensions were prepared according to the procedure described previously [6] . In summary, head kidney cells were collected by the centrifuging of cells layered on discontinuous Percoll solution (specific gravity 1.060 and 1.070, Amersham Pharmacia Biotech AB, Uppsala, Sweden). They were then cultured on 15 mm round glass coverslips at 20 C in wells of 24-well plastic plates (Corning, New York, NY, U.S.A.) at a concentration of 1 × 10 6 viable cells per ml in Eagle's Minimum Essential Medium (Nissui Pharmaceutical Co., Tokyo, Japan) containing 5% fetal bovine serum and antibiotics. To each culture was added various concentrations of CpG ODN or non-CpG ODN. After seven days of cultivation, nonadherent cells were removed by washing the culture. Morphological examination of cultured cells stained with Giemsa solution revealed that cell population consisted of macrophages (70 ± 4%), granulocytes (24 ± 4%) and lymphocytes (6 ± 2%). Then, N7802 strain of V. ordalii cell suspension or hydrophobic polystyrene particles (2 µm, Polysciences, Warrington, PA, U.S.A.) were added to the cultures. After washing the non-phagocytozed bacteria or polystyrene particles, the cells were fixed with methyl alcohol, air-dried, and stained with Giemsa. A minimum of 100 cells/coverslip were assessed by light microscopy (× 400) for phagocytosis. Phagocytic activity was expressed as the percentage of cells that had ingested more than three bacteria or particles. Figure 1 shows phagocytic activity of normal head kidney phagocytes. As expected, head kidney phagocytes displayed time-dependent and dose-dependent phagocytosis to * CORRESPONDENCE TO: KODAMA, H., Laboratory of Veterinary Immunology, Course of Veterinary Science, Graduate School of Life and Environmental Science, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan. e-mail: kodama@vet.osakafu-u.ac.jp both bacteria and polystyrene particles ( Fig. 1a and 1b) . After 4 hr of incubation, 34 ± 4% and 44 ± 5% of cells phagocytozed more than 3 bacteria or 3 plastic particles when 2 × 10 7 of either was added to the cultures. As seen in Fig. 1c and 1d , both bacteria and polystyrene particles existed in cytoplasm of phagocytes. Numerous polystyrene particles were ingested by each phagocyte.
We also studied the enhancement of phagocytic activity of head kidney phagocytes stimulated by CpG ODN. In this experiment, heat-inactivated anti-V. ordalii trout serum was added to part of the cultures at concentrations giving agglutinin titer of 1:10 or 1:1 (positive control). Normal trout serum was used as negative control. The immunostimulatory effects of CpG ODN was found to be sequence specific, since base change from CG to GC of the CpG motif suppressed the activity. Cells precultured with CpG ODN for seven days had significantly higher phagocytic activity at 3.00, 1.50 or 0.75 µM (P<0.05) than phagocytes cultured with medium alone (Fig. 2a) . The highest phagocytic activity was observed at a concentration of 1.50 µM CpG ODN (32 ± 5%). On the other hand, precultivation of the cells with non-CpG ODN did not result in any enhancement of phagocytic activity. Addition of anti-V. ordalii trout serum showed an opsonizing effect at an agglutinin titer of 1:10 (phagocytic activity; 28 ± 2%) (P<0.05 compared to the culture with normal trout serum). Unexpectedly, head kidney phagocytes precultured with CpG ODN showed no enhanced phagocytic activity against polystyrene particles (Fig. 2b) . The phagocytic activity was almost the same as that of cells precultured with non-CpG ODN or cultures with medium alone.
ODN containing CpG motifs are recognized as pathogenassociated molecular patterns (PAMPs) of microbials, by pattern recognition receptors (PRRs) present on dendritic cells and macrophages [9] . PAMPs are known to modulate immune responses of the host. A mechanism by which bacterial DNA activates immune cells was found with the discovery of Toll-like receptor (TLR) 9, which can recognize unmethylated CpG ODN in bacterial DNA [3, 16] . Recently, TLR9 homologues have been found and characterized in fish [11, 14] . CpG ODNs were taken up in macrophage-like cells of cultured Atlantic salmon head kidney cells [13] . In the present study, CpG-ODN was shown to be an effective immune stimulator for rainbow trout phagocytes in vitro. The enhancement of phagocytic activity was associated with the presence of fish immunostimuratory CpG motif, but not with non-CpG motif, as reported previously in fish phagocyte activation [8, 10] . However, head Fig. 1 . Time-course and dose-dependent phagocytic activity of normal head kidney phagocytes against V. ordalii ( Fig. 1a) ( ; 2 × 10 7 /ml, ; 2 × 10 6 /ml ; 2 × 10 5 /ml) or polystyrene particles ( Fig. 1b) ( ; 2 × 10 7 /ml, ; 1 × 10 7 /ml, ; 2 × 10 6 /ml). Phagocytic activity was expressed as the percentage of cells that phagocytozed more than three bacteria or particles (mean ± SD from three individual experiments). Note phagocytozed bacteria (arrows) and polystyrene particles in the cytoplasm of each phagocyte (Fig. 1c and 1d ).
kidney cells did not show enhanced phagocytic activity against polystyrene particles, despite direct stimulation with CpG ODN. This unexpected observation indicates that the mechanism of phagocytosis by phagocytes against bacteria stimulated with CpG ODN is different from that against polystyrene particles. This difference is probably due to the expression of proper PRRs distinguishing between invading and non-invading materials. Although PAMPs allow the immune system to discriminate between self and alien, it remains unclear how it distinguishes between invading and non-invading microorganisms, as well as inanimate items such as the polystyrene particles used in the present study. Antigen presenting cells triggered by CpG ODN up-regulate their expression of PRR molecules, including TLR9. After activation of head kidney phagocytes by CpG ODN, therefore, phagocytes enhanced for the expression of TLR9 can phagocytoze bacteria such as V. ordalii efficiently, but not phagocytes examined for polystyrene particles. Expression of different types of cell surface receptors, such as complement receptors, are expected to be necessary for effective phagocytosis against opsonized plystyrene particles, as we reported previously [5, 6] . We did not show phagocytic responses of phagocytes against inactivated V. ordalii in the present study since the phagocytic activity was feeble (less than 1%) and the precise mechanism of phagocytosis is not clear at present. It is therefore needed to develop RT-PCR for the detection of rainbow trout TLR 9 to clarify the different mechanisms of phagocytosis between against living and inactivated bacteria. Note the significant increase of phagocytosis of V. ordalii by phagocytes stimulated with CpG ODN, but not cells stimulated with non-CpG ODN, compared to cultures with medium alone (mean ± SD from three individual experiments one hour after addition of 2 × 10 5 /ml bacteria) ( Fig. 2a, *; P<0.05). No increase of phagocytic activity was observed in phagocytes stimulated with both CpG and non-CpG ODN against polystyrene particles (two hours after addition of 1 × 10 7 /ml particles) (Fig. 2b) .
